1. Introduction {#sec1}
===============

Nondegradable oil-derived plastics are some of the most common materials used today due to their broad functionality and low cost, whose production has increased over 20-fold since the 1960s.^[@ref1],[@ref2]^ However, their longevity and increasing demand have unfortunately resulted in plastic pollution in the oceans, which is considered one of the world's largest environmental catastrophes of our times.^[@ref1],[@ref3]^ Plastic pollution is not only harmful to marine life but also toxic to human health by marine-related activities.^[@ref4],[@ref5]^ The interest in natural biodegradable plastics synthesized from renewable resources such as polysaccharides (e.g., starch), proteins (e.g., wool), lipids (e.g., fats), polyesters from plants or microorganisms (e.g., poly(hydroxyalkanoates)), and polyesters from bio-derived monomers (e.g., poly(lactic acid) (PLA)) has grown, and it is believed that these can be a sustainable option to replace harmful plastics.^[@ref2]^

In particular, the demand for PLA has increased drastically over the recent years due to its similarity in the properties to polystyrene and poly(ethylene terephthalate) (PET). PLA can be used to produce a wide range of products, including injection-molded articles and packaging.^[@ref6],[@ref7]^ PLA can be produced from starch and other polysaccharides found in sustainable raw materials, such as corn, which are then fermented to produce lactic acid and then transformed to lactide, the dimer of lactic acid. Lactide then undergoes ring-opening polymerization to produce high-molecular-weight PLA.^[@ref6],[@ref8]^

However, a high cost is still associated with the production of PLA, which hinders its widespread production.^[@ref6],[@ref9]^ A reduction in cost could be achieved by chemical recycling of PLA, where monomer regeneration occurs or valuable chemicals are produced, resulting in a circular economy.^[@ref10]^ Moreover, chemical recycling will also reduce the environmental impact associated with end-of-life PLA since its degradability only occurs under specific conditions and it is practically nondegradable in seawater,^[@ref11]^ therefore still contributing to plastic pollution.

Chemical degradation of PLA occurs via three main methods: thermolysis, hydrolysis, and alcoholysis (transesterification). Thermal degradation takes place over the temperature range of 200--500 °C and is essentially the reverse reaction of ring-opening polymerization; it occurs due to the intramolecular transesterification reactions of the polymer resulting in lactide.^[@ref12]−[@ref15]^ Hydrolysis takes place around 200 °C and occurs heterogeneously through random scission of the ester bonds by water diffusion, preferentially in the amorphous regions; the formation of acidic carboxylic groups leads to an autocatalytic effect.^[@ref16]−[@ref18]^ The hydrolysis of end-of-life PLA at temperatures above 170 °C has been demonstrated by Cristina et al.^[@ref19]^

Alcoholysis is the displacement of alcohol from an ester by another alcohol. It allows for lactate esters to be formed, which are known as green solvents due to their biodegradability and low toxicity.^[@ref20],[@ref21]^ These esters, such as methyl lactate (MeLa), can be transformed back into lactide, closing the loop in the circular economy ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref22],[@ref23]^ Alcoholysis can use milder conditions compared to thermal and hydrolytic degradations, allowing it to be more economically and environmentally feasible at industrial scales.

![Circular economy in the chemical recycling of poly(lactic acid) into methyl lactate.](ie0c01122_0002){#fig1}

Examples of the synthesis of green solvents from PLA include a patent by Coszach et al.^[@ref24]^ who demonstrated that the alcoholysis of PLA dissolved in lactic acid ester to produce alkyl lactate at 130 °C. Du Pont^[@ref25]^ has patented a faster reaction where 78% of PLA conversion to lactates is achieved in 2 h using H~2~SO~4~ as a catalyst between 150 and 190 °C. The use of ionic liquids for the methanolysis of PLA has also been reported achieving conversions of 97%.^[@ref26]^ Petrus et al.^[@ref27]^ produced several alkyl lactates using metal-based catalysts; temperatures varied from 80 to 260 °C, and it was shown that a higher temperature and pressure with excess alcohol results in higher lactate yields. The depolymerization of end-of-life PLA into MeLa by organocatalysis (4-dimethylaminopyridine) and alkali metal halide catalysis has been demonstrated by Enthaler and co-workers,^[@ref28],[@ref29]^ where high yields were obtained at temperatures above 160 °C.

Until recently, literature examples of controlled degradation of PLA to form alkyl lactates catalyzed by discrete metal complexes were rare but recent research has shown the degradation of PLA into MeLa by an ethylenediamine Zn(II) complex.^[@ref30]^ The investigation found that the main operating parameters affecting the process were temperature and catalyst concentration, as well as identifying tetrahydrofuran (THF) as the most suitable solvent. The methodology presented degraded commercial virgin PLA samples; however, it has not yet been proven to work on end-of-life PLA.

Similar to traditional plastics, PLA products are expected to contain a variety of additives. These are normally added to polymers to improve their characteristics, such as durability and stiffness, and to make them safer and cheaper. Additives include flame retardants, plasticizers, light stabilizers, reinforcements, and pigments, among many others.^[@ref31]^ Additives are normally complex molecules,^[@ref32]^ and the type and concentration present in the plastic formulation, usually part of the intellectual property of the company, will largely depend on its end use. The type and concentration of additives will obviously have an effect on the degradability of the material.^[@ref32],[@ref33]^

In the present work, the alcoholysis of end-of-life PLA to produce MeLa is reported at lower temperatures than previous studies found in the literature. The reaction is catalyzed by a Zn(II) complex fully characterized and described elsewhere.^[@ref30]^ Temperature-dependent kinetic parameters are first obtained from the reaction of virgin PLA to determine differences in the conversion, yield, and selectivity of the waste PLA. PLA wastes were only characterized in terms of their molecular weight and dispersity; no attempt was made to identify the additives and the amounts present in the samples.

2. Experimental Section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

Methanol (MeOH) and THF high-performance liquid chromatography (HPLC) grades were acquired from Sigma-Aldrich and used as received. Nitrogen (≥99.998%) and helium (≥99.999%) were purchased from BOC. Virgin PLA beads (Ingeo) were obtained from NatureWorks and used as received. The Ingeo materials were selected to cover a range of applications in extrusion/thermoforming and fiber/nonwoven manufacturing.

End-of-life PLA samples consisted of a cup, an infants' toy, and a three-dimensional (3D) printed material or leftover 3D filaments ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The 3D materials were donated by the Food Microstructure research group at the University of Birmingham. The average molecular weight number (*M*~n~), dispersity (*Đ*), melting point (*T*~m~), and original source of the samples are presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The waste samples were reduced to small enough pieces (between 1 and 10 mm) to fit into the reactor and to not interfere with the stirrer, but no actual control of particle size was done.

![PLA waste samples studied: (a) a cup, (b) toy, and (c) 3D printing material.](ie0c01122_0004){#fig2}

###### PLA Sample Properties and Sources[a](#t1fn1){ref-type="table-fn"}^,^[b](#t1fn2){ref-type="table-fn"}

  PLA sample   *M*~n~ (g mol^--1^)   *Đ*    *T*~m~ (°C)   source
  ------------ --------------------- ------ ------------- ---------------
  6202D        44 350                2.00   155--170      NatureWorks
  2500HP       71 900                1.62   165--180      NatureWorks
  cup          45 150                2.08   132--160      Vegware
  toy          36 050                2.02   151--175      Bioserie
  3D           65 100                2.12   154--177      RS components

Average molecular weight number (*M*~n~) and dispersity (*Đ*) were determined by refractive index gel permeation chromatography (GPC); values include a 0.58 correction factor.^[@ref34]^

Melting point (*T*~m~) of PLA waste samples was measured by differential scanning calorimetry (DSC); NatureWorks values were taken from the product's datasheet.

2.2. Catalyst Preparation and Characterization {#sec2.2}
----------------------------------------------

The catalyst was prepared on a multigram scale (25 g, 54 mmol) and characterized according to literature procedures.^[@ref35]^ Preparation was performed under inert/Schlenk conditions and stored under an inert atmosphere before use. Successful catalyst synthesis was confirmed by ^1^H NMR spectroscopy ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![^1^H NMR spectrum (400 MHz, CDCl~3~) of the Zn(II) catalyst.](ie0c01122_0005){#fig3}

2.3. Apparatus and Procedure {#sec2.3}
----------------------------

The experimental apparatus was described in detail in Román-Ramírez et al.^[@ref30]^ Briefly, the reaction system comprises a PARR 4566 model reactor (300 mL, T316 SS jacketed, stirred vessel), a PARR 4848 monitoring unit (for stirring speed and pressure), a Julabo HE oil bath heating circulator, a Julabo GR150 chiller, and a PerkinElmer 200 HPLC pump.

Two different procedures were followed depending on whether the material reacted was virgin PLA or waste PLA. For the former case, PLA (12.5 g), THF (200 mL), and catalyst (1.0 g) were charged into the reactor, the vessel was sealed, and the mixture was flushed with nitrogen for a few minutes at room temperature to achieve an inert atmosphere. Heating was then started, and once the desired reaction temperature was reached, MeOH (50 mL) was added by the HPLC pump at 10 mL min^--1^. The start of the alcohol addition marked the start of the reaction time. Samples were taken at different time intervals to monitor the progress of the reaction. This procedure generates more accurate kinetic data since it reduces the experimental error due to the ongoing reaction during the heating time, considering the catalyst has shown to be active for the depolymerization of PLA even at temperatures of 40 °C.^[@ref30]^

For the case of the waste samples, all materials (PLA, THF, catalyst, and MeOH) were charged to the reactor from the start, the mixture was flushed with nitrogen for several minutes, and heating was then started. The start of the heating process marked the start of the reaction. This procedure resembles more closely industrial operating procedures. The experiments were performed in duplicates, and samples were taken at 1 and 4 h of the reaction.

MeLa concentration (g mL^--1^) was determined by a gas chromatograph (GC, Agilent Technologies 6890N) equipped with an FID detector and a capillary column 30 m × 0.32 mm ID, 0.25 μm (Agilent Technologies HP-5). Helium (CP grade from BOC) was used as the carrier and make-up gas. One microliter of the samples was injected with an autosampler (7683B) at 150 °C and 250 °C inlet and detector temperatures, respectively, a 1:100 split ratio, an initial oven temperature of 90 °C (4 min), followed by 120 °C (1 min) at 100 °C min^--1^ and then 200 °C (3 min) at 100 °C min^--1^. The initial flow rate was 0.7 mL min^--1^ (5 min), followed by a 3 mL min^--1^ at 100 mL min^--1^.

Internal methine (Int), chain-end methine (CE), and methyl lactate methine (MeLa) proton group concentrations (%) were determined by ^1^H NMR spectroscopy (400 MHz Bruker Avance III) and referenced to residual solvent resonances ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The three different methine groups are representative of the PLA (Int), intermediate oligomers (CE), and MeLa concentrations, as detailed elsewhere.^[@ref30]^ Conversion (*X*), selectivity (*S*), and yield (*Y*) were calculated according to [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[3](#eq3){ref-type="disp-formula"}

![^1^H NMR spectrum (400 MHz, C~6~D~6~) of PLA toy degradation at 70 °C.](ie0c01122_0006){#fig4}

3. Kinetic Modeling {#sec3}
===================

It has been previously shown that the formation of MeLa from the transesterification of PLA with excess MeOH can be described by a consecutive reaction according to [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}([@ref30],[@ref36])

Temperature-dependent parameters (pre-exponential factor, *A*, and activation energies, *E*~a~) of the reaction rate coefficients (*k*) were obtained by fitting the experimental concentrations to the mass balance of the system ([eqs [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}--[7](#eq7){ref-type="disp-formula"}) with initial conditions ([eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}) and assuming Arrhenius temperature-dependent form of the rate coefficients ([eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}). Optimum parameters were found using gPROMS, which uses the maximum likelihood estimation method as the objective function in the fitting procedure^[@ref37],[@ref38]^

4. Results and Discussion {#sec4}
=========================

4.1. Virgin PLA {#sec4.1}
---------------

Int, CE, and MeLa concentrations determined by ^1^H NMR spectroscopy and GC for the virgin PLA samples are presented in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01122/suppl_file/ie0c01122_si_001.pdf). Despite the small differences in reaction rate between the two PLA grades, these differences cannot be considered statistically significant, i.e., the reaction rate proceeds at the same rate regardless of PLA *M*~n~.^[@ref30]^ The deviations can be attributed to small differences in measurements of the reactants and catalysts, particularly weighing of the catalysts since catalyst concentration has been shown to be a main contributor to reaction rate.^[@ref30]^

A good representation between experiments and modeling results for all temperatures was obtained (see, for instance, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The reaction rate coefficients of the three reactions show a linear dependency on temperature with Arrhenius parameters presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. There is a clear increase in the reaction rate by the increase in temperature, as shown in the values for the rate coefficients. The parity plot ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) reveals the good agreement between experimental and modeling data for both PLA *M*~n~ samples and for all temperatures. The largest deviations from the reference line are observed for the Int concentrations during the initial stages of the reaction and at the lowest temperature (70 °C).

![Reaction profiles at (a) 70 °C, (b) 90 °C, and (c) 110 °C. Symbols: experimental results; lines: modeling results using Arrhenius parameters from [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.](ie0c01122_0007){#fig5}

![Parity plot of predicted vs experimental values for all data.](ie0c01122_0008){#fig6}

###### Arrhenius Parameters (Pre-exponential Factor, *A*, and Activation Energy, *E*~a~) Obtained from the Fitting Procedure for the Three Reaction Rate Coefficients

                         *k*~1~        *k*~2~          *k*~3~
  ---------------------- ------------- --------------- -------------
  *A* (min^--1^)         47 009 ± 37   108 129 ± 100   1344 ± 9
  *E*~a~ (kJ mol^--1^)   40.8 ± 2.3    44.7 ± 2.8      40.8 ± 21.1

4.2. PLA Waste {#sec4.2}
--------------

The results for the PLA waste samples are analyzed in terms of the *X*, *S*, and *Y* at 1 and 4 h ([Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}--[9](#fig9){ref-type="fig"}).

![Poly(lactic acid) conversion experimental values at 1 and 4 h for the end-of-life samples tested at three different temperatures. Predicted (Pred.) values from the modeling. Error bars correspond to 1 standard deviation.](ie0c01122_0009){#fig7}

![Methyl lactate selectivity experimental values at 1 and 4 h for the end-of-life samples tested at three different temperatures. Predicted (Pred.) values from the modeling. Error bars correspond to 1 standard deviation.](ie0c01122_0010){#fig8}

![Methyl lactate yields experimental values at 1 and 4 h for the end-of-life samples tested at three different temperatures. Predicted (Pred.) values from the modeling. Error bars correspond to 1 standard deviation.](ie0c01122_0011){#fig9}

### 4.2.1. Effect of Temperature {#sec4.2.1}

Higher *X*, *S*, and *Y* are achieved with the increase in temperature for all samples. As expected, higher values of these parameters are obtained after 4 h of reaction. The *X*, *S*, and *Y* are lower at 70 °C, in particular, for the toy. A conversion of 100% is achieved for all samples after 4 h, except for the toy and the 3D printing material at 70 °C, but these samples also present the largest standard deviations.

MeLa selectivities for all of the materials are below 45% at 70 °C at just 1 h reaction but their value almost double after 4 h. At higher temperatures, the selectivity increases, although for the toy it shows the lowest increase and the larger deviations, especially at 1 h. Selectivities of 100% were obtained for the cup and the 3D printing samples after 4 h.

In terms of yield, this increases at the higher temperatures for all samples, although again, the toy exhibits the lowest increments and the largest deviations, particularly at 1 h. A 100% yield is obtained for the cup and 3D material after 4 h. In the case of the cup, there is not much improvement in performing the reaction at 90 or 110 °C since only a 2% increment is obtained in terms of *S* and *Y* by increasing the temperature by 20 °C.

### 4.2.2. Effect of PLA Waste {#sec4.2.2}

In general, the cup presented the highest values of *X*, *S*, and *Y* at both times, whereas the lowest values, as well as the largest standard deviations, were observed for the toy. This could be the effect of the presence of different unknown additives in the toy, considering it is designed to be a long-lasting nonhazardous item. The material may contain, for instance, flame retardants, fillers, reinforcements, and colorants. This is appreciated in the toy's hardness despite its low *M*~n~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This fact seems to be corroborated by the observation of two phases in the final samples of the reactions due to the sedimentation of THF-insoluble particles ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). The conversions presented in this work are in terms of the amount of PLA, as measured by the ^1^H NMR; a more appropriate way to determine the conversion, in this case, would be by weighing the initial amount of the PLA sample and also measuring the final weight of the undissolved solid residue after proper treatment. Nevertheless, in terms of PLA, and to perform the comparison, the values of the *X*, *S*, and *Y* as described before are used. The toy also presented the second highest *T*~m~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), and this improvement in thermal stability, in combination with additives, could relate to the reduced degradation.

![Dispersed (left) and sedimented (right) insoluble particles in a final sample of PLA toy depolymerized at 110 °C.](ie0c01122_0003){#fig10}

The cup seems to contain the lowest amount of additives; the final samples were clear in color although some parts of it contained some of the ink product labels. The cup also presented the lowest thermal parameters. Despite having the higher *T*~m~, the 3D material gave intermediate results, and this may relate to the reduced amount of additives most likely only colorants.

### 4.2.3. Experimental vs Simulation {#sec4.2.3}

The batch reaction process was simulated using the temperature-dependent kinetic parameters obtained from the virgin PLA in gPROMS to predict the *X*, *S*, and *Y* at 1 and 4 h ([Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}--[9](#fig9){ref-type="fig"}) of the end-of-life-treated samples from an initial temperature of 20 °C (the room temperature in the laboratory) to the final reaction temperature (70, 90, or 110 °C).

The experimental *X*, *S*, and *Y* values for the cup are overall closer to the simulation results ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). There is a particularly good agreement between the experimental and the predicted values for the conversion at both times, with average deviations of 2%. This supports the notion that the cup contains fewer additives than the other samples, therefore being closer to the virgin PLA material. However, at 90 °C, there are large differences between the predicted and the experimental values for the cup, and, as mentioned before, the experimental results at 90 and 110 °C are very close. This could mean that the manufacturing process of the cup (thermoforming) has modified the structural and mechanical properties of the polymer, making it easier to depolymerize at some intermediate temperature, as evidenced by other studies on PLA.^[@ref39]^ Similar observations have been shown for poly(methyl methacrylate) and polystyrene after extrusion processing.^[@ref40]^ The second best predictions for *X*, *S*, and *Y* are shown for the 3D printing samples, which are believed to contain more additives than the cup but fewer than the toy. The largest differences between the experimental and the simulated values are observed for the toy.

###### Average Absolute Deviations for Int Conversion (*X*), MeLa Selectivity (*S*), and MeLa Yield (*Y*) between Experimental Values and Predicted Values

  PLA sample   *T* (°C)   time (h)   *X* (%)   *S* (%)   *Y* (%)
  ------------ ---------- ---------- --------- --------- ---------
  cup          70         1          9         1         8
  cup          70         4          0         6         6
  cup          90         1          2         17        19
  cup          90         4          0         2         2
  cup          110        1          1         2         1
  cup          110        4          0         4         4
  toy          70         1          47        14        68
  toy          70         4          6         16        22
  toy          90         1          8         17        25
  toy          90         4          0         1         1
  toy          110        1          3         9         12
  toy          110        4          0         3         3
  3D           70         1          18        6         24
  3D           70         4          3         15        17
  3D           90         1          1         2         2
  3D           90         4          0         3         3
  3D           110        1          0         3         3
  3D           110        4          0         4         4
  average                            5         7         12

Arguably, the sample size may be a factor also affecting the reaction rate. The cup and 3D printing material were easier to cut into small pieces compared with the toy. Although no specific control on the particle size was imposed, all PLA samples were reduced to small enough pieces to fit into the reactor. Any difference in size would have a lesser effect as the temperature increases since the sample would be completely solubilized. Two tests on virgin PLA showed that complete dissolution was observed at temperatures above 80 °C at a 4:1 THF/MeOH ratio. It can therefore be assumed that the major differences in the *X*, *S*, and *Y* for the toy are due to the presence of the additives rather than particle size.

Catalyst deactivation does not seem to occur due to the additives in the PLA waste samples. Although lower *X*, *S*, and *Y* are observed for the toy, an increase in activity is observed by the increase in temperature, something that would not be seen if catalyst deactivation was occurring.

It would be expected that the predictions would represent the best-case scenario of the activities and that the experimental results would always be below the predictions considering that no interference due to particle size or additives is present. However, the experimental values for the cup were in most of the cases better than the theoretical simulated values, particularly at 1 h of reaction time. In some cases, the toy and 3D results were also better than the predicted values (for instance, the selectivity at 90 °C).

The higher values of the *X*, *S*, and *Y* for the end-of-life samples can be explained, considering that the properties of polymer (molecular weight, chemical structure, thermal stability, crystallinity, and mechanical properties) are altered during industrial thermoplastic processing (injection and extrusion), as shown by studies on PLA^[@ref39]^ and other polymers.^[@ref40]^ Additionally, research comparing the pyrolysis of virgin and waste polymer has shown differences in product yields and compositions between both types, with lower-energy requirements for the waste material.^[@ref41]−[@ref43]^

5. Conclusions {#sec5}
==============

Green solvent methyl lactate was obtained from the chemical degradation of end-of-life poly(lactic acid) catalyzed by a Zn complex. Three different samples were tested: a cup, a toy, and a 3D printing material, at three temperatures: 70, 90, and 110 °C. Kinetic parameters were obtained from the experimental data of virgin PLA, and the model was used to predict the conversion, selectivity, and yield of the PLA waste samples from a batch process in which the samples start at a room temperature of 20 °C until they reached the final process temperature.

The deviations between the predicted and experimental values of the end-of-life samples varied depending on temperature, reaction time, and sample. The deviations are overall in good agreement for the cup, which is believed to have the fewest amount of additives. Larger deviations are observed for the toy, which seems to contain the largest amounts of additives as exhibited by their structural strength and by the final mixture containing an insoluble phase.

Despite the large amount of uncertainty in the samples given by additive type and concentration, particle size, manufacturing process, and molecular weight, the kinetic parameters obtained in this work can be used to get a good approximation of the conversion, selectivity, and yield of the methanolysis of end-of-life PLA into methyl lactate to an average deviation of 5, 7, and 12, respectively.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.iecr.0c01122](https://pubs.acs.org/doi/10.1021/acs.iecr.0c01122?goto=supporting-info).Int, CE, and MeLa concentrations were determined by ^1^H NMR spectroscopy and GC for the virgin PLA samples at three different temperatures (6202D and 2500HP) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01122/suppl_file/ie0c01122_si_001.pdf))

Supplementary Material
======================

###### 

ie0c01122_si_001.pdf

The authors declare no competing financial interest.

The authors acknowledge the financial support of ESPRC (Grant No. EP/P016405/1). NatureWorks LLC is acknowledged for its donation of 2500HP and 6202D samples. The Food Microstructure research group at the University of Birmingham is acknowledged for its donation of 3D printing samples.
